Hyperbranched conjugated polymers (P1 and P2) containing 1,3-butadiene repeating units appended with carboxylic ester groups were synthesized in good yield by metal-free catalyzed polymerization of diethyl 4,4 0 -
Introduction
Hyperbranched conjugated polymers have attracted much attention because of their unique properties, such as good solubility, low viscosity, tunable electrical properties and processability, and also because of their potential applications in organic electronics and optoelectronics, including organic electroluminescence, 1-5 ion detection, [6] [7] [8] explosive detection, 9-14 disease diagnosis, 15 and biological identication. 16, 17 Various transitionmetal-catalyzed polymerization methods have been used for the synthesis of hyperbranched conjugated polymers, such as Suzuki coupling polymerization, [18] [19] [20] click polymerization, 21, 22 and Sonogashira coupling polymerization. 23, 24 These well-established polymerization routes have played an indispensable role in the synthesis of hyperbranched conjugated polymers. However, these methods have drawbacks, such as harsh reaction conditions, tedious synthetic steps, the use of environmentally harmful transition-metal catalysts and solvents. In addition, the trace residues of transition-metal catalysts in polymeric products can seriously affect the efficiency and the life of the resulting devices. 25 Recently, various linear conjugated polymers were synthesized with transition-metal-free catalysed methods. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] However, these methods, including Wittig reaction, 4, 36 Knoevenagel condensation reaction, 11 arylimino-deoxy-trisubstituted reaction, 37 and acid-promoted cyclotrimerization reactions, 38 were rarely explored to prepare hyperbranched conjugated polymers. In addition, these transition-metal-free catalyzed methods also require harsh reaction conditions and complex synthetic steps. Therefore, in order to expand the application of hyperbranched conjugated polymers, it is desirable to develop efficient polymerization method and new structure under mild reaction conditions by using transition-metal-free catalyst.
In our previous work, 39 we have established an efficient transition-metal-free catalyzed polymerization method. Reactions of a,b-unsaturated compounds containing g-H with aldehydes in ethanol in the presence of 1,8-diazabicyclo [5.4 .0] undecene-7-ene (DBU) as the basic catalyst gave a series of linear p-conjugated polymers (Scheme 1), which have alternating arylene and 1,3-butadiene units in the main chain. This method has many advantages, including fewer reaction steps, mild reaction conditions, environmentally friendly solvents (i.e., in ethanol even without purity and protection from oxygen), and no toxic metal byproducts. On the basis of these results, herein we report the synthesis of new hyperbranched conjugated polymers containing carboxylic ester groups appended to repeating 1,3-butadiene units and their uses as sensitive and selective sensors for Fe 3+ ions in organic and aqueous solutions. Iron is the second most abundant metal element in nature, and plays very important roles in the whole ecosystem. 40 Recently, uorescence sensors based on conjugated polymers for the detection of Fe 3+ have received much attention owing to their signal amplication properties.
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This special macromolecular structure shows several advantages in Fe 3+ detection. First, the carboxylic ester group has been reported to act as chelating group for metal ions, especially for Fe 3+ ions. Therefore, neutral polymers P1 and P2
are expected to coordinate with Fe 3+ in organic solutions, and the strong association interaction between carboxylic ester groups and Fe 3+ ions will cause the uorescence quenching.
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Second, the carboxylic ester group could be hydrolyzed to obtain water-soluble hyperbranched conjugated polymers. We expected that our synthesized hyperbranched conjugated polymers could be used in the eld of selective detection of Fe
3+
from environmental and biological samples.
Experimental

Materials and instruments
Chemical reagents and different metal salts were purchased from Energy chemical, Meryer or Aladdin and used as received. THF and 1,4-dioxane were distilled from sodium benzophenone ketyl under dry nitrogen immediately prior to the use. 1 H and 13 C NMR spectra were recorded on a Brüker 600 MHz spectrophotometer in CDCl 3 using tetramethylsilane (TMS, d ¼ 0) as an internal reference. IR spectra were taken on a FT-IR Brüker Tensor 27 spectrometer at a nominal resolution of 2 cm À1 using KBr pellet. UV-vis spectra were collected on Hitachi U-3900 spectrophotometer (Tokyo, Japan). Photoluminescence (PL) spectra were recorded on a Hitachi F-7000 spectrouorometer (Tokyo, Japan). Thermogravimetric analysis (TGA) measurements were carried out under dry nitrogen on Q1000DSC + LNCS + FACSQ600SDT instruments at 20 C min À1 . The average molecular weight and polydispersity index (PDI) of the polymers were determined using Viscotek gel permeation chromatography (GPC) analysis with THF as the eluent and polystyrene as the standard. Cyclic voltammetry (CV) was conducted on an electrochemistry workstation (CHI 660A, Chenhua Shanghai) with the polymer lm on Pt plate as the working electrode, Pt slice as the counter electrode, and saturated calomel electrode (SCE) as a reference electrode in a 0.1 M tetra-n-butylammonium hexauorophosphate acetonitrile solution at a scan rate of 50 mV s À1 . The pH value was measured by using of a MRFS:
TOSHNIWAL pH meter. 
General polymerization
To a ask charged with monomer in ethanol solution, DBU was added. The reaction mixture was stirred under reuxed for 72 h. The reaction mixture was then heated at high temperature (110 C) for 8 h. Hydrolysis of P1 or P2 to form P3. Neutral carboxylic-estercontaining polymer (P1 or P2) was added to a solution of sodium hydroxide in methanol; the mixture was reuxed for 12 h. 6 Aer cooling to room temperature, the mixture was neutralization with dilute hydrochloric acid, the solvent was removed by rotary evaporation and the obtained mixture was dialyzed (MW cutoff, 4 kDa) against water for 3 days to remove small molecules. FT-IR (KBr, cm À1 ): 3450, 1800, 1650, 1400, 700.
Results and discussion
Synthesis and structure characterization
The polymer structures and synthetic routes are shown in Scheme 2. Compound 1 was synthesized according to the published procedures.
were prepared by Pd-catalyzed Suzuki cross-coupling reaction under argon atmosphere. In our previous work, we have established a transition-metal-free polymerization method and successfully synthesized a series of linear conjugated polymers. 39 In this work, the hyperbranched conjugated polymers P1 and P2 were synthesized by the simple AB 2 protocol based on our reported polymerization method. The polycondensation was carried out in the same way by reuxing in ethanol for 72 h with 1,8-diazabicyclo [5.4 .0]undec-7-ene (DBU) as the catalyst. The yield of P1 and P2 were 79% and 80%, respectively. This result indicates that the molecular weight is very less affected by the side group. It is worth noting that the carboxylic esterfunctional group can be readily obtained without special reaction for the monomer during polymerization. All the polymers displayed excellent solubility in common organic solvents such as chloroform, tetrahydrofuran, dichloromethane and chlorobenzene. The water-soluble polymer P3 was obtained by the hydrolysis of P1 or P2 in a solution of sodium hydroxide in methanol with a yield of 80% (Scheme 3). Table 1 summarized the polymerization results and thermal properties of the polymers. The number-average molecular weight (M n ) of P1 and P2 are 6141 and 6026 with polydispersity index (PDI) of 2.575 and 2.465, respectively. It can be seen that in general, the polymerization afforded conjugated polymers with relatively high molecular weight.
All the monomers were carefully puried and characterized by 1 H NMR spectrum of P2, the peak at 4.09 ppm is assigned to the signal from -COOCH 3 of P2 (Fig. S7 †) . Examples of the IR spectra of P1 and P2 are given in Fig. S9 . † P1 and P2 shows absorption bands at 3030 and 3004 cm À1 due to their CH]CH stretching vibrations. The strong peaks at 1740 cm À1 for P1 and 1745 cm À1 for P2 are associated with their C]O groups. As for P3, we see a broad band of strong absorption peaks at 3450 cm À1 due to its OH stretching vibrations of COOH groups. IR spectrum indicated successful synthesis of the target polymers P1, P2 and P3. Because of the poor resolution of related resonances in the 1 H NMR spectra of P1 and P2, the important parameter of degree of branching is hardly assessed.
Thermal properties
The thermal properties of the target polymers were obtained by thermogravimetric analysis (TGA) under a nitrogen atmosphere at a heating rate of 20 C min À1 . The TGA diagram of P1 (shown in Fig. S10 †) showed a mass loss of 5% starting at 240 C as the threshold of the thermal decomposition, and a loss of about 50% at 500 C. On the other hand, the TGA trace of P2 showed C and the weight loss was about 55% at 600 C. Fig. 1a and b depict the UV-vis spectra of polymer P1 and P2, respectively, measured in different organic solvents, including CH 2 Cl 2 , DMSO, CH 3 CH 2 OH, THF, and in solid-state lms. P1 and P2 exhibited no signicant absorption peaks in most tested organic solvents, while they showed signicant absorption peaks at 325 and 330 nm in THF, respectively (Fig. 1) . The different absorption features of P1 and P2 in these solvents are due to the different polarity of solvents. It is reported that molecular aggregation in solution exhibited distinct change in the absorption band and can possibly be inuenced by the polarity of solvents. 16 The polymer P1 in THF solution showed an absorption maximum at 325 nm attributable to phenyl moiety. The solid lm of P1 also showed a similar absorption behaviour with an absorption maximum at 327 nm. This result indicates the low aggregation degree of P1 hyperbranched chains in the thin lm state. On the other hand, polymer P2 in THF solution showed an absorption peak at 330 nm corresponding to phenyl moiety. The absorption peaks were redshied compared to those of P1, suggesting an extension of the conjugated length. It is likely that the substituent has a steric inuence on the electronic structure, possibly due to the fact that bulky groups can interrupt the linear p-system, leading to the reduction in the p-conjugated length. The solid lm of P2 showed a similar absorption behavior with an absorption maximum at 350 nm. The absorption peaks are red-shied compared to their solution absorption spectra, which was mainly attributed to the enhanced intermolecular interactions between neighboring molecules in the lm state.
Photophysical properties
The photoluminescent (PLs) spectra of the hyperbranched conjugated polymers in solution excited at the absorption maxima are shown in Fig. 2a and b. As shown in Fig. 2a and b, P1 and P2 exhibited low uorescence intensity in most organic solvents, while they showed relatively high uorescence intensity in THF: P1 displayed an emission peak at 410 nm (450 nm in the solid state); P2 showed a peak maximum at 420 nm (460 nm in the solid state). The emission peaks of both P1 and P2 in the solid state are broaden and red-shied compared with those in THF solution. This result suggests the formation of aggregates in the solid state. The uorescence quantum yields (F F ) of the polymers in THF were measured in comparison with quinine sulfate as a standard (in 0.1 M H 2 SO 4 solution, F F ¼ 0.55). 51 The results are 32% for P1 and 34% for P2. The relatively low quantum yields of P1 and P2 might be caused by imperfect structures presented in the hyperbranched polymers with higher contents of branch units and carboxylic ester groups attached to the main chain, which reduced the conjugated length.
Electrochemical properties
The electrochemical behaviors of polymers P1 and P2 were investigated by cyclic voltammetry (CV) as shown in Fig. 3 (the results are summarized in Table 2 ). CV was performed in acetonitrile (0.1 M Bu 4 NF 6 ) at a scan rate of 50 mV s À1 at room temperature using an SCE as the reference electrode (all potentials reported are versus SCE). A platinum electrode coated with a thin polymer lm was used as the working electrode. The onset potentials for oxidation (E ox ) are observed to be 0.55 V and 0.54 V for P1 and P2, respectively, and the reduction (E red ) of P1 and P2 were found to be À0.75 V and À0.74 V, respectively. With the formula E HOMO ¼ Àe(E ox + 4.29) eV and E LUMO ¼ Àe(E red + 4.29) eV, we estimated the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy levels of the polymer P1 and P2 to be À4.80 eV, À4.79 eV and À3.54 eV, À3.55 eV, respectively. There are no obvious differences in the HOMO and LUMO levels between polymers P1 and P2 due to the same main chain structures and the same end groups.
Ion sensing properties
Due to the same main chain of P1 and P2, we chose polymer P1 as a model to investigate its ion sensing property. Fig. 4a and b. From the UV-vis absorption spectra (Fig. 4a) , we can see that P1 showed a signicant absorption band centered at about 325 nm upon addition of Fe 3+ ions, whereas weaker absorption bands were observed with other ions. Emission quench was observed for P1 upon addition of Fe 3+ and Cu 2+ , and the quench with Fe 3+ ions is much more signicant compared to that with Cu 2+ . No uorescence reduce was observed upon treatment with other metal ions. This result indicates the good selectivity of P1 toward the sensing of Fe 3+ . According to Swager's group reported, if the absorption peak of UV-vis spectra was red-shied, the mechanism of quenching is consistent with the static quenching by a charge transfer complex. 49 For P1 the addition of 1.0 Â 10 À4 M Fe 3+ shis the absorption onset from 325 nm to 334 nm (Fig. 4a ). For P2 shows the similar phenomenon from 330 nm to 340 nm (Fig. S12 †) . Therefore, these results indicate that the uorescence quenching induced by Fe 3+ occurs mainly via static quenching mechanism owing to the strong association interaction between the Fe 3+ ions and the receptors, carboxylic ester groups (the proposal mechanism was shown in Fig. S11 †) .
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In order to quantitatively measure the effect of metal cations on uorescence intensity, we calculated the relative uores-cence intensity (I/I 0 ), in which I 0 is the uorescence intensity without addition of quencher and I is the uorescence intensity aer the addition of metal cations. ). It is well known that large side groups attached to the polymer backbone will reduce the inter polymer aggregation. We investigated the uorescent quenching of P1 and P2 in THF solution upon the addition of Fe 3+ ions. The absorption and emission spectra, and the quantum yield of P1 and P2 in THF solution are very similar, which implied the change of side groups did not have much inuence on the main chain of the polymer. However, Fe 3+ -induced quenching is much less effi-
, which indicates the bulky side groups indeed stie interpolymer aggregation and lower the response to metal ions as expected. It is reported that the interference from other metal ions will inuence the uorescence quenching assay for a specic metal ion when the sensor is used in complex media. The selectivity of polymers for Fe 3+ in the presence of excesses various metal ions was investigated (Fig. 6 , and S14 † for P2 À4 M) was added to the mixture solution, the uorescence intensity could be quenched up to 62% of P1 and 57% for P2.
Ion sensing properties of water-soluble polymer P3
Water-soluble hyperbranched conjugated polymer P3 was obtained by hydrolysis of neutral polymer P1 or P2. The structure of P3 was determined by IR (Fig. S9 †) , showing a strong broad absorption band at 3450 cm À1 attributed to the OH stretching vibration of -COOH group in P3. Polymer P3 was also examined as a sensor for metal cations. As shown in Fig. 7, dramatic In order to investigate the pH effect on the uorescent properties of P3, we measured the uorescence in 10 mM NaH 2 PO 4 -Na 2 HPO 4 buffer solutions with a pH range of 2 to 11. As show in Fig. 8 , at basic level (pH $ 7), P3 exhibits similar emission behavior with the emission maximum located approximately at 415 nm, which is nearly identical to its neutral polymer P1 and P2 in THF. This result indicates that the polymer isolates well in basic solutions. As the pH decreases to 2, a break point is observed where the absorption maximum shis from 415 to 400 nm. A further decrease in the pH results in signicant reduction of the emission intensity of P3. This pHdependent uorescence property indicates that P3 may have two different forms under different pH conditions. 6 At high pH, the majority of the carboxylic acid groups are deprotonated (the anionic form). The electrostatic repulsions between anionic carboxylate groups surrounding the polymer backbones reduce the unfavorable aggregation of the polymer chains. While at low pH, the carboxylate groups can be partially neutralized, leading to decreased charge density and thus a decrease in the inter chain electrostatic repulsion. On one hand, P3 may aggregate through hydrogen bonding between carboxylic acid groups and aromatic p-p stacking of hydrophobic backbones. On the other hand, the carboxylic acids make the conjugated main chain twisted and thus decrease the conjugated length. Therefore, at low pH, the emission maxima show blue shi.
Conclusion
In summary, we have synthesized functional hyperbranched polymers containing carboxylic ester groups attached to 1,3-butadiene repeating units. Synthesized polymers P1 and P2 are soluble in common organic solvents and are thermally stable. The neutral hyperbranched conjugated polymers can be hydrolyzed to obtain water-soluble hyperbranched conjugated polymer P3. The uorescence intensity of these hyperbranched polymers had a good linear response with Fe 3+ ions over other ions, indicating their potential uses as ratiometric uorescence chemosensor for Fe 3+ ions in organic and aqueous solutions. Fig. 7 The fluorescence spectra of P3. 
